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ABSTRACT

Piczoclectric rotary motors arc being
devcloped to form a drive mechanism for
robotics, miniature spaceccraft instruments
and subsystems. 'I'he technology that has
recently emerged in commercial products is
associated with empirical design. An
analytical model was developed for the
motorand it is currently being modified to
account for the effect of space environment.
The interface between the rotor and stator
components anti the friction forces arc
invest igated to determine the propelling
effect of the stator. I'hc model predicts
motor performance and can bc used to
optimize the design of miniature high-torque
motors.

NOMENCLATURE

T recduced stress tensor

D electric displacement vector

S reduced strain tensor

I electric field vector

¢ stiffness constants

e clectromechani cal constants

C the dielectric pecrmittivity constant
M mass matrix of the stator

C damping matrix of the stator

K stiffness matrix of the stator

P model amplitude vector

I, external normal force vector
I, external tangential force vector

0 elect romechanical coup] ing constant
V applied voltage

o relation angle of the rotor

Wy rotor {lexture height in z dircction

1., rotor inertia

C,  rotor spin damping
Tin interface torque
Tpied applied torque

M,,, rotor mass
C. rotor vert i cal damping
F,,  interfacc force

s applied force

INTRODUCTION

The1ecent NASA cffort to reduce the size
and 1 nass of future spacecraft is straining the
speci fications of actuation and articulation
mechanisms that drive robots and planctary
instruments. The miniaturization of
conventional clectromagnetic motor is
limited by manufacturing constrains anti
lower efficiency. Generally, these types of
motors compromisc speed for torque using
speed reducing gears. The usc of gears adds
mass. volumec and complexity as wc]] as



reduces the system reliability duc to the
increase in number of the system
components. Potentially, rotary
piczoclectric motors can offer an cffective
aternative drive mechanism for miniature
instruments [ 1]. These motors provide high
torque density at low speed, high holding
torque|2], simple construction, quiet
opcration and have a quick response.
‘Theycan also be made in annular shape for
optical application, electronic packaging and
wiring through the center. Piczoclectric
motors, aso known as ultrasonic motors
(USM) arc now being considered for
actuation of arobotic arm for aMars1.ander
robotic program. A joint JP1,/MI'I" study is
underway to develop such motors for
operation at space environment, namely, to
opcrat ¢ effect ivel y andreliably ina vacuum
andat temperatures down 1o cryogenic
levels.

Ultrasonic motors| 1-11 ] can be classificd
by their modc of opcration (static or
resonant), type of motion (rotary or linear)
and shape of implementation (beam, rod,
disk, etc.). Despite the distinctions, the
fundamental principles of solid-state
actuation tic them together: microscopic
material deformations (usually associated
with piczoclectric materials) arc amplified
through either quasi-static mechanical or
d ynamic/resonant means. ‘1 ‘he motor
mechanism is based on rectification of the
stator wave cyclic motionto drive the rotor
in acontrolled direction.

Several UUSM classes have seen commcrcial
application in areas nceding compact,
cificient, intermittent motion| 12, 13]. Such
applications include: camera auto focus
lenses [ 14, 15], watch motors [ 16] and
compact paper handling [7]. A comparison
of the performance characteristics of rotary

clectric motors employed in current space
applications and UISMs is shown in ‘1'able 1.
The motors, characteristics arc given with no
gear 1 cduction and highlight the inherent] y
higher torque density of USMs. T'o obtain
similar levels of torque-speed characteristics
with conventional motors, a gear system is
added to reduce the speed, thus increasing
the sizc, mass and complexity of thedrive
mechanism. Piczomotors arc fundamentally
designed to have a high holding force,
providing effectively zero backlash. ‘1 he
number of components needed to construct a
motor is small minimizing the number of
potential failure points. The gencral
characteristics of UUSMs make thcm
attractive fm robotic applications where
small, intermittent motions arc required.

in Figure | the operation principle of solid
state ultrasonic motors (travel ing wave ring-
typc motor) is shown as an example. A
trave 1ing wave is established over the staler
surface, which behaves as an elastic ring,
and produces elliptical motion at the
interface with the rotor. 'This elliptical

mot ion of the contact surface propels the
rotor and the dri ve- shaft connected o it.
The teeth, which arc attached to the stator,
arc intended to i nerease the moment arm to
amp] i fy thespeed. 'Thec operation of USM
depends on friction at the interface between
the moving rotor and stator and it is akcy
issue in the design of thisinterfacc for
extended lifetime.

PRINCIPAL, OF OPERATION

The general concept of a solid state motor is
to produce gross mechanical motion through
the amplification and repetition of micro-
deformations of active material. The active
material induces an orbital motion of the
stator at the rotor contact point and frictional




interface between the rotor and stator
rectifics the micro-motion to produce macro-
motion of the staler as showninFigure 1.
‘Theactive material, which is a piczoclectric
wafer inthis study, cxcites atraveling
bending wave within the staler that leads to
clliptical motion of the surface particles.
'I'ectharcuscedio enhance the speed that is
associated with the propelling effect of these
particles. 'I'hc rectification of the micro-
motion at the interface is provided by
pressing the rotor on top of the stator and the
frictional force between the two causes the
rotor to spin. This motion transfer between
the stator and rotor is similar to agear action
and it leads to much lower rotation speed
than the wave frequency.
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I'igurc 1. Principle of Operation of a Rotary
‘Jraveling Wave Motor (Ring type) [12].

A generic description of the stator is shown
inFigure 2. The stator can be driven by a
piczoclectric wafer that is placed either on
onc surface |15] or sandwiched between two
wafers [ 1 7]. To gencrate traveling wave,
the piczoceramic driver internal poling is
structured such that quarter wavelength out-
of-phasc is formed. This poling pattern is

also intended to eliminate extension in the
stator and maximize bending. The tecth on
the stator arc arranged in aring at the radia
position. in Figure 2 the solid lines indicate
permanent etching on the clectrode in two
groups (A &13). 1dashed lines indicate
scgments that wi 11 be etehed for poling
purposes and then reconnected with silver
paint to reduce the number of leads required.
The dark areas arc regions on the
piezoclectric wafer that arc not activated. In
opcration A and B3 clectrodes arc driven 90°
out of phase and produce orthogonal disk
modes.

‘1’0 generate atraveling wave within the
stator two orthogonal modes arc controlled.
These modes arc formed by the
piezoceramic poling pattern A of cos(40)
and 13 of sin(40). Gecometrical examination
of this paticrn shows that if the A
piczoccramic driver isinduced by a cos (wt)
and B3 by sin(wt), atraveling wave is formed
with the frequency of Q = w/4 frequency.
Also, by changing the sign cm onc of the
drive signals, the traveling wave reverses its
direction.
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1'0qa priori predict rotary ultrasonic motors
the transient and steady state performance an
analytical model | 17] was developed and a
suminary Will be given herein. 'I'he model
consists of four sections asillustrated in
Figure 3 and is described below. The model
sections address the major components that
arc responsi blc for the motor operation, i .c.
stator, rotor, interface and motor
performance.




‘I"’All],211 1: Comparison of cxisting clectromagnetic motors (EMM) and ultrasonic motors (USM)

il | Type | Description Manuf. Stall No-load | Mass Torque 1)ensity
Torque | Speed (2) - without gear
(in.0z) | (rpm) (Nm/kg)
T [BMM | DC, Brushless | Acroflex 14 | 40Kk | 256 0.04
2 [1MM [ DCBrush - - { Maxon 18 | 60K | 38 0.45
3 | 1:MM | AC, 3-phasc Astro 10.7 | 11.5K 340 0.21
4 [ usm Traveling Wave | Panasonic 11 0.8K 70 LU
- Disc [12]
s [ USM | Stand. Wave Kumada | 189 0.12K | 150 8.80
- Rod Torsion (8] L
6 | USM | Traveling wave | Shinsci 13 0.3K 33 2.70
- Disc [20] o
7 | USM | Travcling wave | Canon 17 0.08K 45 2.30
-Ring [14] .

Figure 2: Generic stator design describing,
the poling sequence on the piczoclectric
wafer.

InFigure 3 the analytical modclisdrawn in
the form of aflowchart with the four
sections. The Stator Model (Section A) is a
dynamic modecl of acircularly symmetric

variable cross scction disk. The disk is
subject to distributed piezoclectric forces as
well as distributed normal and tangential
frictional interface pressures caused by
motiondependent rotor- stator contact. ‘1 ‘he
modeclincludes traveling wave motion
through temporally and spatialy out-of-
phase forcing of 90° orthogonal disk modcs
ass| owninligure 4.

Inthe Interface Mode] (Section 11), a
distributed frictional interface is assumed for
the contact area between the rotor and stator,
see Figure 4. This provides for modeling
the rotor-st ator cont act compliance and
allows distributed normal and tangcential
forces at the contact surface. The Rotor
Model (Section () assumes a rigid body
dynamic model of the rotor motion (vertical
and horizontal/rotary). It assumes an
externally applied normal force and torque
as well as motion-dependent interface forces
that arc derived from rotor-staler contact.
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Figure 3: Modeling approach consists of major motor cornponents which arc: stator, rotor,

interface, and motor performance.
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‘The Motor Performance Model (Section 1))
provides a performance prediction module
using transicent or steady stale values of rotor
position and velocity to calculate positioning
accuracy and steady state mechanical power
output, It calculates the current input into
piczoclectric electrodes using a fully

coupled clectromechan ical model. Using
the current and the known applied voltage it
calcul atcs average electrical power input and
efficiency.

The piczoclectric constitutive equation in the
model uscd can be expressed as

where 7' is the stress tensor in reduced form,
D isthe electric displacement vector, § istbc
strain tensor in reduced form, and F is the
electric ficld vector. The definitions of the
sti ffness constants ¢, the clectromechanical
constants ¢, and thc diclectric permittivity
constant € can be found in [ 17]. The
governing cquation for tbc rotor can be
wrilten as

Mjp 2 Cp + Kp = OV + F_ 4F

N T
where M, C and K arc the mass, damping
and stiffness matrices of the stator,
respectively, and p is the mode] amplitude
veetor. J, and Jo,- arc theexternalnormal
and tangential force vectors, () isthe
cletromechanical coupling constants and V
is the applied voltage.

The rotor is modcled by cquations of
motions decoupled in the rotary direction by

the rotation angle o and in the z direction by
the flexture height w, (the distance between
tbc undeformed stator height and the rotor
lower surface). 1 lence, the rotation cquation
can be expressed as

I 6+ Ca- T

rotor [d int Tapp[icd

wheie 7, istherotor incrta, (', is thc rotor
spin damping, and 1, and T, iS the
interlace torque and applied torque
respectively. The equation of the rotor in

the z dircction can be expressed as

o 3 . " N N R N
ralorwf C zwf I int s N

where M, ,,, isthe rotor mass, C. is the rotor
verti caldamping, 1, and I, .., @rC the
interface force and applied forces,
respectivel y. 13y solving the rotor and stator
cquations, the performance of the motor can
thus be evaluated, and details of thc
calculation can be foundin| 17] and arc
omit ted here for brevit y.

ANALYSIS O PIEZOELECTRIC
MQTORS

The analysis of the nonlinear, coupled

rotor- stator d ynamic modeld i scussed above
has demonstrated the ability to predict the
motor transient and steady state performance
asafunction of critical design parameters.
‘J best parameters include characteristics
such as the interface normal force, tooth
height and stator radial cross section.

Steady state motor performance data have
been gencrated including the speed-torque
curves and efficiency-torque curves for



various paramciers such as tecth height and
interface forces [17].

The model was computer coded and was
uscd to simulate the motor response as a
function of various design parameters. This
simulation has indicated the critical role of
the motor factors in determining its
efficiency and power output. 11 also has
shown that current motor designs operate
wellunder their peak potential performance
duc to limitations oninterface pressure
imposcd by lifetime issues related to wear at
the rotor/stator interface.

A simulation of the motor response 1o an
applicd forcei nput I, i.q and torque 7, icq
alonc and the inertia and damping terms
were evaluated for various values from no-
load 1o stall level. It was determined that the
modal amplitude incrcases from zero until
tile normal and tangential work terms begin
to take energy out of the stator subsystem.
Afler severa oscillations astcady state is
rcached. At the initial phase a negative term
appears duc to the applied axial load which
must be balanced by the interface force to be
zcro both initially and at steady state, The
rotor, modeled as a {lexure, must therefore
deform to accommodate the i nterface force.
Thesc oscillatory response a the transient
phase can be controlled by the motor
clectronic driver to minimize this overshoot.

T'wo factors dominate the optimization of
the motor performance: the tooth height anti
the applicd axial loading. Analysis of the
motor performance has shown that an
increasc of the teeth height increases the
speed of the motor with relativel y small
effect on the stal | torque. FFurther,the effect
of the teeth height on the motor efficiency
requires optimization since there is an
increase at small values reaching a

maxi mum at cerlai n ratios of thet ccth height
to the stator thickness.

‘The two most important characteristics of
the motor arc speexi-torque and efficiency -
torque. 1ivaluation of these graphs for low
axial loading yiclds a low stall torque and a
relatively fast no-load speed. As the axial
loading increascs, asteady state progression
is observed from high no-load speeds and
low stall-torques to lower no-load speeds
and high torque. ‘1 ‘hisrotor spced decrease
is duc to the normal forcing on the stator, as
the axial load incrcascs, more energy is
takenout of the stator vibration and thus the
stator surface velocity decreases which in
turn affects the rotor velocity. 1ixamination
of the efficiency-torque curvesis showing
that maximizing the output power docs not
maximize the efficiency. The cause of this
behavior is the clamping effect that is
associated with the inercased load and
reduced capability of the stator to resonate.

1’0 optimize the i otor efficiency a
parametric study was initiated. The
materials that arc used to produce the stator
and1otor have important effect on the motor
performance. ‘1 'he key motor parameters
that were used in the calculations arc:

Stator:
Materials: ai~Illlillulll/brol~ zc/steel
Outer disk radius: 3 cm
Imer ho]c radius: 2.23 cm

‘1 hickness: 0.24 ¢cm

Rotos
Materia: bronzc
Mass: 0.05 kg
Inertia: 0.00001 kg,- m’
I'lexural stiffness: 2¢'? N-m’
¢, :2¢7*N-m-S
C,: 500 N-s/m



Piczoclectric clement:
Materia: P71-4
d;:-110C-12 m/v
Clamped dielectric: 1550 €,
Thickness: 0.051 cm

Interface Material;
Material: Kapton
Young’s modulus: 2.85 Gpa
Poisson’s ration: 0.35
1)ynamic coefficient of friction: 0.32

A sct of speed-torque curves were produced
for aluminum, bronzec and steel and arc
shown inFigure 5. The curves in¥igure 5
indicate that an aluminum stator produces
the highest speed-torque response for the
above set of selected parameters. 1urther,
the stall torgue is not affected by the choice
of the stator/rotor material. This parametric
study is being pursued toward optimization
of the motor design parameters. 1 ‘urther,
efforts arc currently dirccted towards the
inclusion of the effect of temperature and
vacuum.
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Iigurc 5: Motor performance curves.

CONCLUSIONS

A parametric study of the motor mode] that
account for the cflect of the friction at the
stator-rotor interface provided a valuable
insight into the mechanical and dynamics of
how piczoelectric motors operates. 'The
model present ed can be used o optimize the
operation of piczoclectric motors including
the ¢ ffect of the teeth and the applied axial
load i ng for maximum performance.
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